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Introduction
Analysis of the existing views on the triple point phase equilibrium and on the sublimation as a direct phase transition from solid to gaseous state shows that these views are unconvincing and should be revised.
The theory of equilibrium phenomena (thermodynamics) and the kinetics of phase transitions are known to be different sciences with their own ideas and approaches; to combine them is difficult and sometimes impossible. In our case, however, it is not necessary to get a deeper insight into the theory of these disciplines. We are interested in the physical essence of the observed phenomena and in the direction of phase transition; as to the mechanism of phase transition, it is beyond the scope of this paper.
Simple physical reasons suggest a new approach to understanding of sublimation process. An attempt is undertaken to substantiate this approach through deduction. A principle of least time for first-order phase transitions was established; it was assumed as the initial premise (postulate). A consequence from this principle is that sublimation occurs in a two-step phase transition through an intermediate liquid state in the form of surface layer (film).
Formulation of the problem and theoretical conclusions (reported in sections 2-3) are based on the initial data known in the early 20 th century; otherwise, the sublimation problem is considered in traditional terms of substance structure in the atomic-molecular form (solid, liquid and gaseous states). Since then our knowledge about physical states of matter and phase transitions between them have substantially broadened and deepened. It turned out that phase transitions of first kind are not isothermal; one can distinguish preliminary stages in them generating supplementary intermediate states. For example, there is a "premelting" stage before melting of most substances; hence, one can discern an intermediate amorphized stage (a quasiliquid) between solid and liquid ones [1] [2] [3] [4] [5] .
Thus, the last decades of research have radically changed our understanding of phase transitions of first kind. Of course, a more detailed classification of physical states must correspond to the new paradigm. Though very important and interesting by itself, this circumstance does not abolish the traditional classification, which can be preferential in some cases when the details are ignored.
Of course, it is desirable to consider any problem in the light of modern notions. The eternal challenge, however, is to optimize the choice of theoretical model, showing a stable preference for a simple one. The above premise turned out to be sufficient for our purpose. Moreover, it is just the case when additional information (the above-mentioned detailed elaboration) might play a negative part for we "shall not see the wood for the trees". Precisely that is why we discuss the problem and draw conclusions, during the initial stage (in section 3), in traditional terms of basic physical states of matter: solid, liquid and gas are primary (elemental) objects of research; melting, vaporization and sublimation are primary processes. This approach, as we shall see, is proved to be correct. However, a generalized version for any number of intermediate stages, between solid and gaseous phases, is given below (in section 4); this enables to relate the theory with practice in the light of modern notions.
Some experimental data confirming the theoretical conclusions are given at the end of the paper.
Problem and instrumentality

Existing notions
The current notions of sublimation were formed by observation of some phenomena, first of all, the sublimation of carbon dioxide ("dry ice"). The visual observation of evaporation of solid CO 2 shows that sublimation is a direct phase transition from crystal to gas; it seems perfectly obvious.
Another empirical source for the accepted notions of sublimation can be considered the observation of physical processes at the triple point of phase diagram. This phenomenon is less illustrative but theoretically more important. Let us consider these processes in the current interpretation. A typical phase diagram p(T) in the vicinity of the triple point D is shown in Fig. 1 (here p is pressure and T is temperature). The curves of melting DA 1 , boiling (vaporization) DA 2 and sublimation DA 3 are the boundaries between the fields of existence of solid, S, liquid, L, and gaseous, G, states.
Let us cool a liquid (for example, water) in a closed glass vessel connected with a manometer. We assume that there is only a saturated vapor above the liquid. The pressure of vapor decreases on cooling, as demonstrated by the curve A 2 D in Fig. 1 . The temperature T D at the triple point corresponds to the solidification temperature under the pressure of saturated vapor. Liquid turns into solid at this temperature, but the pressure is constant and equal to p D . Hence, one can conclude that the pressure p 1 of saturated vapor above liquid is equal to the pressure p 2 above solid:
(1) With the vessel thermally insulated, the equilibrium of phases S, L and G (1) can last for a long time and be observed visually.
Let two phases X and Y have a common boundary, and let an area of this boundary be nonzero. By the expression X$Y is meant a system of phases X and Y which are in thermodynamic equilibrium, i.e., the interchange of particles through the common boundary occurs under dynamic balance.
Evidently, the discussed equilibrium at the triple point can take the following form: (2) i.e., according to the existing notions, this equilibrium is a balance of the three states in pairs.
It can be seen from Fig. 1 that the triple point is an origin of the melting, vaporization and sublimation curves. Expression (2) demonstrates it in the symbolic form: the balances S$L, L$G and G$S show that the triple point belongs to the melting curve, vaporization curve and sublimation curve, respectively.
When all liquid turns into solid, the saturated vapor will still be present above the solid phase at the same pressure p D . Only by subsequent cooling will the pressure of the saturated vapor go down to follow the curve DA 3 .
The described picture displays the very essence of the physical processes that occur at the triple point and on sublimation curve. This picture, at first sight, seems plausible and convincing. An impression is formed that we see with our own eyes a thermodynamic equilibrium of the three states (S, L and G), which is given by expressions (1) and (2) . Moreover, it seems as though we directly see the origin of the sublimation curve. Expressions (1) and (2) are derived in the course of observation and are believed to be an indisputable experimental fact. In this capacity they exert a decisive effect on the current paradigm of sublimation. And it is logical, since facts are primary, and theory is secondary.
However, that is so only at first sight. By more attentive consideration, serious doubts in the correctness of expressions (1) and (2) are brought about. In particular a question arises: How can molecules (at and near the triple point) overcome with equal ease a single energy barrier (equal to the heat of vaporization Q vap ) and a double barrier (equal to the heat of sublimation (3) where Q mel is the heat of melting)? Seemingly, this contradicts not only our intuition but also the law of distribution of molecules by energies (MaxwellBoltzmann distribution).
Indeed, consider a phase transition from condensed state to gas. We assume for simplicity that the concentrations of molecules of solids and liquids are the same and equal to n 0 . The number of the molecules (per unit interfacial area) which are capable to overcome a potential barrier Q (in accordance with Maxwell-Boltzmann distribution) is equal to where Q is the molecular heat of phase transition, R is the gaseous constant, T is the temperature of transition. So, for a liquid (4) for a solid (5) Taking (3) into consideration, we have (6) Since the pressure p of saturated vapor is proportional to n, we obtain Consider a particular numerical example. For the triple point of water T = 273 K; Q mel = 6000 J.mol. Hence, p 1 .p 2 = 14. As we see, the pressures of saturated vapor above liquid and above solid must differ by an order of magnitude. Meantime, as follows from (1), p 1 .p 2 = 1. How one can bring these equalities into coincidence?
Let us see, how does the existing theory of phase equilibrium cope with this problem.
Analysis of the current notions. The sublimation problem
As known, "all fundamental physical theories are constructed according to the same scheme: first, analysis of some typical experiments yields initial equations (postulates) of the theory; then mathematicians or physical theorists are addressed to solve these equations" [6] . In our case, these typical experiments are, first of all, the observed phase equilibrium at the triple point and carbon dioxide sublimation, while the initial equation (postulate) is expression (1) (or (2), which is the same). As to the above problem, it is solved by means of the pre-exponential coefficients (factors) which take into account the effects of different surface factors on the intensity of molecules during phase transition. This means that actually where A 1 and A 2 are pre-exponential coefficients. Since these coefficients for a solid and a liquid surface of the same matter are different, it is possible, by varying their ratio, to obtain n 1 = n 2 and then p 1 = p 2 . Thus, according to the presently dominating opinion, there is no problem. I believe, it is not the case.
Let us dwell upon two surface factors which as if can noticeable influence the behavior of molecules during a phase transition.
1. It is believed that the adsorbate layers of a foreign substance (impurity) can make a stimulating (catalyzing) effect on molecules of the solid adsorbent and diminish the potential barrier of phase transition. Turn to our vessel where the three phases of a pure substance are in equilibrium. Inasmuch as it is an ideal case, imagine a sequence of experiments with a real substance, which contain impurities; let a subsequent experiment be carried out with a more pure substance than the previous one. (Of course, this is a speculative approach, but it is obvious that such a sequence can be constructed from real experiments which were ever carried out.) Since there was not noticed any departure from the phase equilibrium in this case, one may come to a conclusion that in the limit (i.e. for a pure substance) the phase equilibrium takes place too. However, from the position of the existing theory that is all nonsense: though there are no impurities, the pre-exponential coefficients (which show the influence of adsorption layers of these impurities on molecules of adsorbent) work as usual, and equality (1) is fulfilled. Hence, it is obvious that there is something wrong with the theory of pre-exponential coefficients (at least, in terms of the considered factor). The above reasoning is quite correct; the laws of the nature (for example, the law of the inertia) have been derived exactly in such a way, i.e. by means of a speculative transition to the limit.
2. As is known, many vapor molecules hitting the surface of condensed matter cannot pierce the surface film; so they jump back into the space occupied by vapor. This fact is taken into account by including a special multiplier (rebound constant) in pre-exponential coefficients. This constant makes it possible to take into consideration the probability of return of molecules into the condensed medium. For example, if this probability for ice is 14 times as low as that for liquid water, equation (1) will be fulfilled. In principle, this interpretation of the equality (1) is quite possible. But in this case we have to assume a strict functional relationship between the parameter Q.T D (entropy) entering the Maxwell-Boltzmann distribution and mechanical parameters of crystal and liquid, which ensures the indicated difference in probabilities. The existence of such a relationship is rather dubious. Thus, the above assumption is a typical ad hoc hypothesis (i.e. proposed to explain a particular fact). The theory of pre-exponential coefficients is not faultless in this context as well.
Note that pre-exponential coefficients of nonequilibrium processes are necessary for calculating their rate [7, 8] . But in the considered case (on discussing the situation at the triple point) these coefficients are not used for calculations; they play some strange part for a theoretical explanation (maybe, it is better to say -for an excuse) of rather incomprehensible postulate (1). However, as it is pointed above, this explanation cannot be considered satisfactory. Hence, the correctness of initial postulate (1) remains questionable.
Meanwhile, any postulate, from the onset, has to be comprehensible and clear (although, it may be not self-evident), and this clearness is based on typical experiments.
As one can see, the existing understanding of the equilibrium at the triple point (and, hence, of the sublimation curve) is grounded on the unreliable basis. So, the sublimation problem does exist and needs solution.
We demonstrate that there exists a different, more reliable and natural explanation of the observed phase equilibrium at the triple point.
As is known, the origin of adsorption layers (films) on the surface of solid (substratum) can go according to different schemes, in particular, in the form of the sequence vapor-liquid-crystal [9] . It is logical to suppose that exactly in accordance with such a sequence can go a condensation of vapor of substratum itself, i.e., the origin of autoadsorption layers of liquid is sufficiently obvious. The conditions for formation of an autoadsorption layer are especially favorable at the triple point and on the sublimation curve because there is saturated vapor over solid. (Remind that the triple point is on the vaporization curve A 2 D). The pressures of gaseous phase for other substances (impurities) are, as a rule, far from the saturated state. So, we may suppose that the whole solid surface, which is not occupied by adsorption fragments of impurities, is covered by an autoadsorption layer (film). The presence of such a film increases the molecular intensity of the phase transition S/G, since the potential barrier is overcoming in two steps. It is reasonable to assume that the influence of autoadsorption fragments on the transition intensity of molecules is predominant. In this case, preexponential coefficients are not necessary to explain the phase equilibrium G$S: the pressure of saturated vapor over solid will actually be the pressure over liquid film and equality (1) will be fulfilled but it will have quite a different sense. Naturally, in the limit case of ideal pure substance, the whole surface of solid has to be covered by the liquid autoadsorption film.
So, we can initially postulate that there is a two-step transition from S into G at the triple point and on the sublimation curve through the surface autoadsorption liquid layer and thus solve the problem. The above reasoning shows that this assumption is quite valid, but we shall try to come to this conclusion in a more strict way, using the principle of least time.
Generalized Ostwald's law of intermediate stages
The law of intermediate stages was empirically discovered by W. Ostwald; it deals with phase transitions of first kind of solid (crystalline) substances during polymorphic transformations [10] . The law postulates that the spontaneous transition from a thermodynamically unstable state of matter to a stable one (if at all possible) happens through intermediate phases (stages).
Ostwald's law holds true only when no less than three phases of the same substance can exist under the same thermodynamic conditions, with only one of them (which has the least potential energy) being stable. Let them be phases 1, 2 and 3, which have internal (potential) energies ε 1 , ε 2 and ε 3 , respectively; suppose that the relation ε 1 >ε 2 >ε 3 (we call it Ostwald's condition) is fulfilled. In this case, the formal reasoning implies that phase transition 1/3 can go in two ways: directly or through intermediate phase 2, i.e., in the sequence 1/2/3. Ostwald's law postulates that actually it is the second way that will be realized.
It is important note the following. The vapor (which at first is condensed into unstable crystal phase 2) can play the part of phase 1; a chemical reaction also can play a similar part [10] . Moreover, W. Ostwald describes a case when the water vapor at -5 o C (when the solid water is a stable phase) at first condenses into liquid, and only by subsequent cooling transforms into ice [10] . Hence, the level of potential energy rather than the physical states of substance plays a leading role in this case. It means that Ostwald's law can be generalized and applied not only to "crystal-crystal" transitions but to any phase transition of first kind irrespective of the physical state of matter (generalized Ostwald's law of intermediate stages).
Principle of least time for phase transitions
There is a close analogy between Ostwald's law and Fermat's principle of least time [11] . A supposition was made that phase transition 1/3 goes (if it is possible) through an intermediate state 2 of sequence 1/2/3 because this intermediate phase minimizes a transition time. It was adduced evidence that phase transitions, which satisfy Ostwald's law, follow the principle of least time (Fermat-Ostwald principle). This evidence might be easily extended to the generalized Ostwald's law.
Ostwald's law may be applied only to the left of the sublimation curve as the spontaneous transition from gas (G) into crystals (S) happens there and Ostwald's condition (ε G >ε S ) is observed. To the right of the sublimation curve the spontaneous transition goes in the opposite direction -from crystals into gas -though the relation ε G >ε S is still valid, i.e., Ostwald's condition is not observed and, accordingly, Ostwald's law can not be applied.
However, the principle of least time might be applied to phase transitions which do not meet Ostwald's condition and go in the opposite direction. Let us show it with the aid of Maxwell-Boltzmann distribution.
The phase transition "crystal/gas" is realized by the transfer of mass from one phase into another through an interface, and the carrying capacity of interface is proportional to the number of molecules n (per unit of area) which are capable of overcoming the potential barrier between phases. In case of direct transition S/G, the carrying capacity is determined by value n 2 by formula (5). In case of transition through intermediate (liquid) phase the carrying capacity is conditioned by the "bottle-neck" of sequence S/L/G, i.e., by the transition L/G, and consequently is determined by value n 1 by formula (4). This implies that the carrying capacity in the second case is n 1 .n 2 times larger than in the first one. In accordance with (6) one can calculate that for water n 1 .n 2 = 14. Thus, the rate of phase transition in the second case is by an order of magnitude greater than in the first case, while the time of transfer of one mass unit from S into G is by an order of magnitude less. As we can see, the principle of least time is observed.
So, to the left of the sublimation curve (at T<T sub where T sub is the temperature of sublimation) the principle of least time is observed in accordance with Fermat-Ostwald principle. To the right of the sublimation curve (at T>T sub ) the principle of least time is observed as well, as shown in the foregoing paragraph. The principle of least time is formulated within the framework of irreversible thermodynamics. In regard to reversible phase transitions on the sublimation curve and near it, the applicability of the principle could apparently be substantiated by the passing to the limit. But we would make an attempt to do it in a different way.
We accept this principle as the initial postulate and consider the situation at the triple point.
Initial model 3.1 Triple point nonexistence theorem
Let the expression {X/Y} mean a conventional phase transition when it is not known whether it goes directly or through an intermediate phase. If it is known that it goes directly, we designate it as X/Y (without braces). We designate the phase equilibrium in a similar fashion.
Consider scheme (2) . Let braces in (2) have hereafter the above meaning. This scheme is formally symmetrical with respect to the states S, L and G. But actually the three pairs of states of (2) are unequal. Let us demonstrate this. Consider the three equilibria of (2) in terms of the principle of least time.
The phase equilibrium between S and L at the triple point is beyond any doubt since the solid borders on the liquid not only geometrically but also in some other sense: These phases are adjacent, any intermediate stage between them (in terms of traditional classification) actually is impossible. Hence, it is the immediate equilibrium, i.e. {S$L} = S$L. The same is true for the phase equilibrium between L and G: {L$G} = L$G. But it does not hold in the case of the phase equilibrium between S and G. Let us dwell on this.
The thermodynamic equilibrium {G$S} is the balance between the phase transitions {G/S} and {S/G}, i.e (7) We know that an intermediate phase L is possible between phases G and S. Hence, the principle of least time can be applied to the phase transitions {G/S} and {S/G}. According to this principle we have (8) (9) Substituting (8) and (9) into (7) yields the phase equilibrium (10) (Hereafter, parentheses play just a syntactical role.) Thus, we have proved the theorem that direct phase equilibrium between gas and solid (crystal) at the triple point is impossible; this equilibrium can be realized only through the intermediate phase L by scheme (10) . Substituting (10) into (2) we obtain ( 
11) It is clear that G$L$S = (G$L; L$S); substituting this into (11) and eliminating repetitions we have
This scheme expresses symbolically the essence of the theorem. Meantime, it is evident, that according to the current notions we have
The proving might seem to be just formal in character, and its physical meaning is vague. From the point of view of thermodynamics this evidently might be true. In fact, the thermodynamic equilibrium at the triple point means that there is no any transition in the case. It might seem that there is nothing the principle of least time might be applied to. However, the situation is viewed differently from the molecular-kinetic position. We know that the transfer of mass and energy through the interface in both directions does practically happen, but on the average this transfer is mutually compensated.
Let us make quite a reasonable supposition that the transitions {S/G} and {G/S} at the triple point are mutually independent, i.e., the probability of collisions for molecules of opposing flows is little and might be neglected. In such a case these transitions may be considered individually as described above. Since these transitions do really exist, they behave in accordance with the principle of least time, i.e., pass through intermediate stage.
At first sight, one may think that this conclusion conflicts with the experimental fact. But this is not the case. Strictly speaking, the result of observation at the triple point is not a correctly established experimental fact; the point is that when it comes to the result of observation we actually bear in mind the interpretation of the result of observation.
But what we do actually "see" at the triple point? In the case of H 2 O we see that ice is floating on the water surface, and above them there is saturated vapor at a pressure equal to p D. That part of the solid which rises above the liquid can be seen as if it is dry; but it does not mean that the crystal is in immediate contact with the gas (vapor). Recall that the triple point belongs to the vaporization curve. That is why vapor (before to be transformed into solid) will inevitably condense into water in full accordance with the principle of least time, and a liquid film will appear on the surface of solid (ice). If the thickness of the liquid film covering crystal is substantially less than the length of the light waves, this film will be invisible; but even under this restriction the thickness of such a film can reach many dozens of molecular layers. This film completely isolates crystal from gas.
Thus, we have proved that the triple point as we see it (the solid-liquid-gas' triple point) does not exist.
Corollary: sublimation is a two-step process
In this subsection, it is more convenient to use physical (not mathematical) points for drawing phase transition curves. Fig. 2 . A scheme illustrating the consequence of the nonexistence theorem.
-a physical point; 5 -a conventional origin of sublimation curve.
According to the current notions, the triple point D adjoins solid, liquid and gaseous states of substance (Fig. 2a) . So, molecules can make immediate phase transitions S/L, L/G and S/G at the point D. Precisely this is implied by saying that the point D is the origin of a sublimation curve. But we have proved that the phase transition {S/G} at the triple point D happens only through an intermediate liquid state. Hence, the point D cannot simultaneously adjoin the areas S and G. Actually, it can mean only that the point D falls apart into two points between which a liquid is found (Fig. 2b) . But this means that "the point D" (i.e., as a matter of fact, the conventional point D) is not the origin of sublimation curve. (Note that we continue to consider sublimation in the context of the accepted paradigm.)
Suppose that the true origin of sublimation curve is at the next point D 1 of sublimation curve, at an infinitesimal distance from the point D (Fig. 2b) . Note that the physical "infinitesimal", though very small, is a finite quantity. Applying the proved theorem to the point D 1 , we see that at this point the phase transition {S/G} cannot proceed immediately either, it has to go through an intermediate liquid state. It means that the point D 1 (or rather, "the point D 1 ") is not the origin of sublimation curve.
Suppose further that the origin to be found is at the following point D 2 of sublimation curve (Fig. 2c) . Applying our theorem to it, we obtain that the point D 2 is not the origin of sublimation curve either. And so on. In a finite (though very great) number of steps we shall pass throughout the sublimation curve but shall not find its origin (i.e., the start of sublimation curve in the existent notions). It is considered that sublimation curve comes to the end at T = 0 (though, it is quite possible that it comes to the end at T>0). As the absolute zero of temperature is known to be unachievable, it is more correct to say that in a finite number of steps we shall approach as close as is wished to the end of sublimation curve.
So we have proved the following corollary of nonexistence theorem: Sublimation is a two-step phase transition through an intermediate liquid state. Now it is clear why a solid behaves, with respect to saturated vapor, just as a liquid does. In fact, it is the liquid rather than the solid that behaves in such a way; the pressure of saturated vapor at the triple point and below on the sublimation curve is the pressure exactly above the liquid surface. As to the solid, it is shielded from the gas by an intermediate layer (film) of the liquid. The pressure of saturated vapor immediately above the crystalline surface cannot manifest itself in these conditions.
It is known that minimum of Gibbs energy is a criterion of the stable thermodynamic equilibrium of system. The direction of a spontaneous first-order phase transition (as well as the direction of chemical reactions) is determined by joint effect of two factors: (1) the tendency to the state of minimal internal energy and (2) the tendency of the increase of entropy. Gibbs energy considers the both factors, that is why the phase transition goes in the direction of decrease of Gibbs energy. To the left of the sublimation curve the values of Gibbs energy for S, L and G relate as Φ S <Φ L <Φ G , and to the right as Φ S >Φ L >Φ G . As to the sublimation curve, it is, figuratively speaking, a continuous sequence of triple points (in the new understanding). For Gibbs energies, the sublimation curve is a certain "zeroline" where Φ S = Φ L = Φ G . Hence, to the left of the sublimation curve the first tendency prevails (vapor condenses into crystals) and to the right the second tendency prevails (crystals evaporate).
This might bring up a question whether there are any new opportunities provided by the principle of least time in comparison with the criterion of minimal Gibbs energy. We endeavor to answer it.
Gibbs energy does not apply any restrictions to the "trajectory" of phase transitions {S/G} and {G/S} (i.e., does not indicate whether they go directly or through an intermediate state). At present it is assumed that at p<p sub these transitions happen directly, i.e., the sublimation or desublimation takes place (and this is as though confirmed by observation). While, as it follows from the principle of least time, under the given conditions the phase transitions crystalgas and gas-crystal must obligatorily pass through intermediate liquid state of the sequences S/L/G and G/L/S. This particular result might be considered the novelty of the principle and its prediction potential.
Note, that inasmuch as the triple point D actually does not exist, the expression "triple point D" would be expedient to replace by an expression "zone D" (i.e., a place on the phase plane where the area of existence of bulk liquid phase is over).
Generalized model 4.1 Premelting
Premelting as a physical phenomenon was first supposed by M. Faraday (1850). But this idea was recognized as late as a century after Faraday's pioneering work. By present, hundreds of experimental and theoretical works are published on this subject. The fact itself of existence of premelting (i.e., formation of a liquidlike film on the surface of a crystalline body at T<T mel , where T mel is the temperature of melting) may be considered firmly established, in spite of serious discrepan-cies in experimental results due to methodology and to the influence of impurities [1, 4, 5] .
It is assumed that premelting is an attendant process which precedes melting. But it has the features common for phase transition of first kind (the change of intermolecular structure; the increased specific heat capacity [12] , under the guise of which the latent heat of phase transition might be concealed). It is not inconceivable that over time this phenomenon would be recognized as a phase transition. Later on we would term premelting and other similar phenomena as pre-transition (attendant) stages, assuming that they might be first-order phase transitions.
It is important to generalize our theoretical model in such a way which would be applicable to any variant given by experiment and theory.
The rule of conservation of phases
Let us have n phases and n-1 first-order phase transitions between them. Let the initial phase be a solid, and the last one, a gas. (With n = 3 we come, naturally, to the traditional case.)
Suppose that any two adjacent phase transition curves (between which iphase is found) meet at a point D , we shall obtain quite a similar conclusion: this i-phase cannot disappear, it can only transform from bulk phase (if it was of this kind above zone D) into a surface phase.
So, we obtained a certain rule of conservation of first-order phase transitions and related phases. This rule is a consequence of the triple point nonexistence theorem. It should be called a rule of conservation of phases.
Emphasize that this rule forbids just the disappearance of first-order phase transitions when crossing the zone D. But this restriction does not extend to the transformation of bulk phase into the surface one (or to the opposite transformation).
The rule of conservation of phases can be generalized to the case of continuous change of phase state. For this purpose it is necessary to proceed to the limit with n/∞ and (ε i ) max /0, where ε i is a potential barrier between i-phase and (i+1)-phase; i = 1, 2, 3, … . Hence, the rule in question has to be fulfilled irrespective of the form of a real model (discrete model, continuous model or their combination).
Other pre-transition processes
The first-order phase transition X/Y begins with the appearance of phase Y on the surface of phase X. This initial stage of the phase transition is a pre-transition process.
In general, boiling is a more complicated and unpredictable process as compared with melting [13] . It is known that preboiling can be visualized during the simmering of water. So, we can imagine the state of a substance that is forming on preboiling: it is apparently a layer of liquid which is intensely nucleated with vapor microbubbles.
By analogy, one may suppose that, during presublimation, a layer of crystalline substance nucleated with vapor micropores would be generated on the surface of solid; it should be like a film formed by sintering. A similar picture can be expected in experiment with sublimation in accordance with the existent paradigm.
Sublimation in the generalized model
The new approach implies that sublimation is not an independent phase transition; it consists of two phase transitions, S/L and L/G, which (together with their pre-transitions) immediately follow one another.
Turn to Fig. 1 . If the isobaric process runs along the line 1-1 (i.e., above zone D), then the phase transition S/G is rather clear; it is a sequence of the following stages: premelting, melting, preboiling, and boiling. If the process takes place in the line 2-2 (i.e., below zone D), then all mentioned stages must be conserved according to the derived rule (independently of that whether pretransition stage will be admitted as phase transition or will remain in the rank of attendant phenomenon).
Of course, there are significant differences between these processes. The most important of them is as follows: The bulk phase of liquid is observed above zone D only; below it, as a rule, liquid has to be just on the sublimation curve in the form of surface phase (film).
Let us refer to the question on existence area of premelting phenomenon. It is considered that the width of this area is about 0.1T mel .
From the point of view of the new approach, such an area must also exist along the whole sublimation curve to the left. Hypothetically, the width of the area is about 0.1T sub . As for the rest of the existence area of solid substance (which covers nearly 90% of area S, see Fig.1 ), the surface of crystals should be quite dry there. So, our theoretical prediction radically differs from the existent one. We expect that first of all a liquid surface film corresponding to melting would be found in experiments with sublimation. Indeed, premelting and preboiling are attendant processes; by their scales they play a secondary role. Melting undoubtedly is a basic, decisive intermediate link of the sublimation process. An other important circumstance is the boiling (vaporization) of the outermost liquid film layer.
Thus, the new approach to the sublimation problem is proposed. The results of observations are obviously interpreted from the standpoint of the new approach. At the same time, this interpretation is consistent with modern viewpoint of the first-order transitions; specifically, it is in perfect harmony with the fact of existence of premelting and preboiling phenomena.
We could put a stop here for the experimental testing of theoretical predictions lies ahead. There are, however, some empirical data in favor of the supposed approach, which seem pertinent to be discussed now.
Experimental data
By present, some experimental results obtained for carbon dioxide and ammonia have corroborated that sublimation is a two-step phase transition. We consider them below.
(Note that the term "two-step" here and below has the traditional meaning: "going through the intermediate liquid stage". In reality, as was mentioned above, sublimation has a multistage character; but liquid proper, certainly, plays the primary role in multiplayer film on the surface of sublimated solid.)
Experiments with carbon dioxide
In 1993, I observed how the CO 2 powder was sublimated under normal conditions. (I succeeded in publishing it in 2001 only [14] ). I saw that CO 2 grains were aggregated. Sometimes, a long grain swaying about a point contact with the aggregate was observed (Fig. 3) . It is hardly possible to explain this phenomenon by trivial causes. It seems reasonable to assume that a certain liquidlike film with a considerable surface tension is formed around CO 2 solid grains. This film can be identified with a buffer surface layer of liquid CO 2 . This interpretation provides a simple and exhaustive explanation to the phenomenon [14] . The presence of such a film ought to be considered a confirmation of the theoretical conclusion on the two-step character of sublimation. The question can arise: Is it possible to interpret the observed effect in a less radical way by using the recentmost data in this field? We try to answer this question.
Since sublimation (in accordance with the current notions) is a direct transition S/G, the pre-transition surface stage has to be a solid substance which is partially amorphized by gaseous nuclei; such a substance is similar to the product of sintering. That sort of grains would stick together by contact, but it would be a rigid adhesion (sintering). In our case, however, the mobile (liquidlike) contact was observed.
Experiment with ammonia
A spectroscopic study of ammonia in the infrared range during its sublimation was carried out. In 1996, E. A. Paukshtis made an experiment to check my assumption on the two-step character of phase transition during sublimation [15] . An intermediate spectrum was obtained, which radically differed from that of the NH 3 liquid (Fig. 4) . Comparative analysis of the spectra shows that a certain nonstructural liquid (i.e., hypothetically, quasiliquid of ammonia) should correspond to such a spectrum [15] .
Conclusion
Thus, we have concluded that the triple point and the sublimation curve, as they presently understood, do not exist; sublimation is realized in two stages through an intermediate liquid state. Emphasize that this conclusion is simple and logically lucid; it follows from ordinary physical reasons. In more a strict version it follows from the principle of least time.
The existing notions about sublimation are based on observation data; but interpretation of these data, in my opinion, is wrong. These notions stem, most probably, from the belief that what is immediately observed is true. (As known, this belief is an inevitable stage of evolution of our knowledge in any branch of natural sciences.) The new approach does not refute the results of observations at the triple point and on the sublimation curve but interprets them in a different way; this unravels the physical essence of the phenomena observed.
Further studies are needed to understand the nature of sublimation in more detail.
